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Patterning of the vertebrate anterior–posterior axis is regulated by the coordinated action of growth
factors whose effects can be further modulated by upstream and downstream mediators and the cross-
talk of different intracellular pathways. In particular, the inhibition of the Wnt/β-catenin signaling
pathway by various factors is critically required for anterior speciﬁcation. Here, we report that Flop1 and
Flop2 (Flop1/2), G protein-coupled receptors related to Gpr4, contribute to the regulation of head for-
mation by inhibiting Wnt/β-catenin signaling in Xenopus embryos. Using whole-mount in situ hy-
bridization, we showed that ﬂop1 and ﬂop2 mRNAs were expressed in the neural ectoderm during early
gastrulation. Both the overexpression and knockdown of Flop1/2 resulted in altered embryonic head
phenotypes, while the overexpression of either Flop1/2 or the small GTPase RhoA in the absence of bone
morphogenetic protein (BMP) signaling resulted in ectopic head induction. Examination of the Flops'
function in Xenopus embryo animal cap cells showed that they inhibited Wnt/β-catenin signaling by
promoting β-catenin degradation through both RhoA-dependent and -independent pathways in a cell-
autonomous manner. These results suggest that Flop1 and Flop2 are essential regulators of Xenopus head
formation that act as novel inhibitory components of the Wnt/β-catenin signaling pathway.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
Head formation is one of the most critical and complex steps of
animal embryogenesis, involving the interplay of a multitude of
signaling pathways that impact neural fate and development of
the central nervous system (CNS). Head formation in Xenopus is
achieved by a series of cell-to-cell communications, as ﬁrst de-
monstrated by the landmark experiment performed by Spemann
and Mangold (1924). In that experiment, the organizer, a small
region on the dorsal lip of the early gastrula, was transferred from
a host embryo to the ventral side of a recipient embryo and shown
to induce a secondary body axis with completely developed head
structures (Spemann and Mangold, 1924, 2001). It is now well
understood that the functions of growth factors secreted during
early embryogenesis must be suppressed to allow for the induc-
tion of neural fate in the ectoderm as well as head formation, and
that the organizer secretes various inhibitors of growth factor
signaling (De Robertis and Kuroda, 2004; Hikasa and Sokol, 2013).sis, Department of Develop-
, 38 Nishigonaka, Myodaiji,
1.Bone morphogenetic proteins (BMPs) play crucial roles in estab-
lishing epidermal fate in the presumptive ectoderm, thereby in-
hibiting neural fate. Therefore, for the induction of neural fate,
BMP activities must be inhibited by proteins such as Chordin,
Noggin, and Follistatin, all of which are secreted from the orga-
nizer of Xenopus and physically bind BMPs to prevent the activa-
tion of their receptors (Fainsod et al., 1997; Lemura et al., 1998;
Sasai et al., 1994; Smith and Harland, 1992). The induced neural
ectoderm is then patterned along the anterior–posterior axis.
During this patterning event, Wnt/β-catenin signaling is inhibited
by sFRP, Dkk, and Cerberus, which are secreted Wnt antagonists
(Glinka et al., 1998; Leyns et al., 1997; Pera and De Robertis, 2000;
Piccolo et al., 1999), and by Shisa, Apcdd1, and Tiki1, which are
transmembrane Wnt antagonists (Shimomura et al., 2010; Yama-
moto et al., 2005; Zhang et al., 2012). All of these Wnt/β-catenin
signaling inhibitors are implicated to be essential regulators for
anterior speciﬁcation. In addition, RhoA, a small GTPase, has the
capacity to induce ectopic head structures when co-expressed
with a dominant-negative BMP receptor (tBR), which alone only
induces secondary trunk without obvious head structures
(Wünnenberg-Stapleton et al., 1999). However, it has been unclear
how RhoA is integrated into the regulatory pathway of head
formation.
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receptors (GPCRs) related to Gpr4 (Chung et al., 2004; Tao et al.,
2005) contribute to head formation in Xenopus by inhibiting Wnt/
β-catenin signaling through both RhoA-dependent and -in-
dependent pathways. The Flops-mediated RhoA-independent
pathway induced the phosphorylation and proteasome-dependent
degradation of β-catenin, disabling β-catenin-mediated tran-
scription. In contrast, the Flops-mediated RhoA-dependent path-
way inhibited Wnt/β-catenin signaling upstream of Disheveled
(Dvl). Consistent with the reported mechanism for transmem-
brane Wnt antagonists, such as Shisa and Apcdd1, Flops inhibited
Wnt/β-catenin signaling in a cell-autonomous manner. This is the
ﬁrst report demonstrating that GPCRs have essential functions in
head formation and act as novel negative regulators of the Wnt/β-
catenin pathway.2. Materials and methods
2.1. Embryo handling and microinjection
Xenopus laevis (X. laevis) embryos were obtained by standard
methods (Morita et al., 2010). mRNAs or morpholino antisense
oligonucleotides (MOs) were injected into the appropriate region
of two-, four-, or 16-cell-stage embryos. The injected embryos
were cultured in 3% Ficoll/0.1x Steinberg's Solution until stage (St.)
9 and then cultured in 0.3x Marc's Modiﬁed Ringer's Solution until
the desired stage (Nieuwkoop and Faber, 1967).
2.2. DNA constructs, mRNA preparation, and MOs
The following X. laevis cDNA clones were obtained from the EST
database (XDB3, http://xenopus.nibb.ac.jp) and cloned into the
pCS2pþ vector: XL072l08 (gpr4), XL506k06ex (ﬂop1), XL155m04
(ﬂop2), XL255j14ex (rhoA), XL281d07ex (frzb2), XL330o07ex (cer-
berus), XL301p20ex (dishevelled3), XL285b09ex (β-catenin),
XL280g21ex (smad2), XL011e23 (claudin4), XL109a23 (hyaluronan
synthase1), XL085m19 (slug), and XL250b20ex (sonic hedgehog).
bf1was subcloned into pCS2pþ vector from the X. laevis cDNA and
en2 construct was used as reported previously (Hemmati-Bri-
vanlou et al., 1991). Expression constructs for Wnt8 (Christian
et al., 1991), dnWnt8 (Hoppler et al., 1996), tBR (Suzuki et al.,
1995), Xnr1 (Jones et al., 1995), eFGF (Lombardo and Slack, 1997),
and BMP4 (Nishimatsu et al., 1992) were reported previously.
Gsk3β, 6xMyc-β-catenin, and 6xMyc-caβ-catenin (Δaa 1–53) ex-
pression constructs were kindly provided by Dr. Noriyuki Ki-
noshita. The dnRhoA (T19N) and Flops DRY motif mutants (Flop1;
R113N, Flop2; R112N) were generated by PCR. Flop1 and Flop2
rescue constructs were generated by changing the nucleotides at
the MO target site as follows (changed nucleotides are indicated in
small letters): Flop1 (2) 5′-GAATGTGcAAtCAatcCGTcagcTG-3′
(þ23) and Flop2 (1) 5′-TATGGCaTGcAAcCAatctTGcGAg-3′
(þ24). Capped mRNAs were synthesized using the mMESSAGE
mMACHINEs SP6 kit (AM1340; Ambion) and puriﬁed on NICK
columns (17-0855; GE Healthcare). MOs were purchased from
Gene Tools. PCR primers for expression constructs, and MO se-
quences are shown in Tables S1 and S2 (Chung et al., 2004).
2.3. Whole-mount in situ hybridization (WISH) and quantitative RT-
PCR (QRT-PCR)
WISH was performed as described previously (Goda et al.,
2009). As the endogenous expression signals of ﬂop1/2 were very
weak, we used albino embryos to avoid the bleaching process,
which might further reduce their signals. Pigmented embryos
used in other experiments were bleached before WISH. Tovisualize the injected regions, a GFP tracer was injected and im-
munostained with an anti-GFP antibody after WISH. For the
temporal expression analysis of gpr4 and ﬂops, the total RNA from
one whole embryo at each stage of interest was isolated as de-
scribed previously (Yamamoto et al., 2001). For marker gene
analysis, the total RNA was isolated from ﬁve anterior or posterior
halves of St. 20 embryos, ﬁve animal caps from St. 9 embryos, or
ﬁve St. 9 animal caps cultured until reaching St. 12, and ﬁve ex-
plants of the dorsal or ventral marginal zone (DMZ, VMZ) of St. 10
embryos. QRT-PCR was performed with the SYBRs premix ExTaq
(Tli RNaseH plus) (RR420; TaKaRa) on a Thermal Cycler Dice Real
Time System Single (TP850; TaKaRa) according to the manufac-
turer's instructions, and the relative gene expression was calcu-
lated with the ΔΔCt method. The primer sets used in this ex-
periment are shown in Table S3 (Agius et al., 2000; Onichtchouk
et al., 1996).
2.4. Immunostaining
Embryos or animal caps excised from St. 9 embryos were ﬁxed
in MEMFA for 2 h at room temperature and then placed in PBS. The
ﬁxed embryos were embedded in ﬁsh gelatin (G7765; Sigma), and
16-μm cryosections were generated (Morita et al., 2010; Suzuki
et al., 2010). The sections, ﬁxed animal caps, or embryos previously
analyzed by WISH were incubated with the following primary
antibodies: rabbit anti-GFP (1:500, #598; MBL) or rabbit anti-β-
catenin (1:500, C2206; Sigma), or with Alexa Fluors 546 phalloi-
din (1:50, A22283; Molecular Probes) for F-actin staining. The
following secondary antibody was used: Alexa Fluors 488 goat
anti-rabbit IgG (1:1000, A11017; Molecular Probes). The nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI) (5 μg/ml,
049-18801; Wako).
2.5. Western blotting and RhoA pull-down assay
Prior to western blotting, mRNAs and/or MOs were injected
into the animal pole of two-cell-stage embryos. Subsequently, 30
animal caps were excised from St. 9 embryos and lysed in 50 μl
PBST (PBS with 0.3% TritonX-100) containing a protease inhibitor
cocktail (1:50, 25955-11; Nacalai Tesque). After incubating on ice
for 5 min, the lysates were centrifuged at 17,400xg for 5 min at
4 °C, and the supernatants were collected, diluted in 2x sample
buffer, and boiled for 5 min. The samples were then subjected to
SDS-PAGE (13.5% gel for Histone and 10% gel for all other proteins)
and then blotted onto a PVDF membrane (162-0177; Bio-Rad). The
membranes were incubated with the following primary anti-
bodies: rabbit anti-GFP (1:2000, #598; MBL), mouse anti-Histone
H2B (1:1000, #2934; Cell Signaling Technology), mouse anti-Flag
(1:1000, F3165; Sigma), mouse anti-cMyc (1:1000, 9E10 #sc-40;
Santa Cruz), and mouse anti-C-cadherin (1:50, 6B6 supernatant;
DSHB). The following secondary antibodies were used: HRP-con-
jugated sheep anti-mouse IgG (1:10,000, NA931; GE Healthcare)
and HRP-conjugated donkey anti-rabbit IgG (1:10,000, NA934; GE
Healthcare), and the signals were detected using ECL™ Prime or
ECL™ Select Western Blotting Detection Reagent (RPN2232,
RPN2235; GE Healthcare).
The RhoA pull-down assay was performed as described pre-
viously (Hara et al., 2013). Prior to the assay, mRNAs were injected
into the animal pole of two-cell-stage embryos, and 100 animal
caps were excised from the St. 9 embryos and analyzed.
2.6. cAMP assay
The cAMP assay was performed with the Cyclic AMP XPs Assay
Kit (#4339; Cell Signaling Technology). mRNAs were injected into
the animal pole of two-cell-stage embryos, and the animal caps
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eight-cell-stage embryos were incubated with 100 μM Forskolin
(F6886; Sigma) overnight at 13 °C until reaching St. 9, and then the
animal caps were excised. Twenty animal caps were lysed in 50 μl
1x lysis buffer from the assay kit with 1 mM PMSF. After in-
cubating on ice for 5 min, the lysates were centrifuged at 17,400xg,
for 5 min at 4 °C. The supernatants were collected, and their pro-
tein concentrations were determined using the Pierces BCA Pro-
tein Assay Kit (#23227; Thermo Scientiﬁc). The protein con-
centrations were adjusted to 1.2 μg/μl and used in the cAMP assay
according to the manufacturer's instructions. The optical density of
the samples was measured on an SH-9000Lab (Corona Electric).
The cAMP assays were performed using three batches of embryos.
2.7. TOP-ﬂash assay
To analyze Wnt/β-catenin signaling activity, the TOP-ﬂash re-
porter (Super 8x TOPFlash; provided by Dr. Randall T. Moon) and an
internal control reporter pRL-TK (E2241; Promega) were used. The
two reporters were injected alone (TOP-ﬂash reporter 50 pg and
control reporter 5 pg) or together with mRNAs or MOs into the
animal pole of two-cell-stage embryos or the dorsal side of four-
cell-stage embryos. Animal caps or DMZ explants were excised from
St. 9 or 10 embryos, respectively, and cultured in 1x Steinberg's
Solution until reaching St. 12 to allow for sufﬁcient reporter ex-
pression. Five explants were lysed in 100 μl 1x lysis buffer from the
Dual-Luciferases Reporter Assay System (E1910; Promega), and the
activities of Fireﬂy luciferase (TOP-ﬂash) and Renilla luciferase (pRL-
TK) were measured on a Luminescencer-PSN (AB-2200; ATTO) ac-
cording to the manufacturer's instructions. Fireﬂy luciferase activity
was normalized to Renilla luciferase activity. The TOP-ﬂash assays
were performed on three batches of embryos.
2.8. Image acquisition, processing, and statistical analysis
Images of whole embryos were captured using a ﬂuorescence
stereomicroscope SZX16 (Olympus) equipped with a CCD camera
DP71 (Olympus), and images of sections were captured using a
ﬂuorescence microscope BX63 (Olympus) equipped with a CCD
camera DP72 (Olympus). Immunostained sections or animal caps
were observed using an A1R laser scanning confocal microscope
(Nikon). Confocal images were processed with NIS-Elements
software (Nikon) to generate the maximum projection intensity of
the acquired z-stacks. Pixel intensity was measured using ImageJ.
For statistical analysis, data presented by 100% stacked column
chart were calculated by Pearson's Chi-square test with adjusted
standardized residuals (α¼0.05, critical value¼71.96; α¼0.01,
critical value¼72.58; α¼0.001, critical value¼73.29). Statistical
analyses for other data were performed using the Student's t-test.3. Results
3.1. Flop1 and Flop2 are closely related to Gpr4
Our group previously identiﬁed an FGF-responsive gene that
was structurally related to human GPR4 in a X. laevis cDNA mi-
croarray experiment, and designated it as xgpcr4 (Chung et al.,
2004). Subsequently, Xﬂop, another novel Xenopus G protein-
coupled receptor (GPCR) related to GPR4, was implicated in cor-
tical actin assembly during early embryogenesis (Tao et al., 2005).
Xﬂop overexpression increases the assembly of cortical actin,
whereas the depletion of its maternal mRNA does the reverse. In
addition, both the overexpression and depletion of Xﬂop lead to
gastrulation defects (Tao et al., 2005). A recent search of the X.
tropicalis genomic DNA database identiﬁed a gene that exhibitssigniﬁcantly higher homology to mammalian GPR4 than either
xgpcr4 or xﬂop. Since xgpcr4 and xﬂop are similar to each other
(approximately 60% identity at the protein level in both X. tropi-
calis and X. laevis) (Fig. S1B), we designated xgpcr4 as ﬂop1 and the
original xﬂop gene as ﬂop2 (Fig. S1A). Comparison of Flop1 and
Flop2 with the authentic Gpr4 revealed that Flop1 displays slightly
higher homology with Gpr4 than does Flop2. Both ﬂop1 and ﬂop2
are found in the X. tropicalis genome, suggesting that they evolved
as independent genes and were not derived by the allote-
traploidization of the X. laevis genome. Interestingly, homologs of
Flop1/2 have not yet been identiﬁed in the genome of other ani-
mals except for Latimeria chalumnae (coelacanth) (Fig. S1A). In the
coelacanth genome, there is an ortholog of each Flop, which has
56% and 50% identity with X. laevis Flop1 and Flop2, respectively,
at the protein level.
Human GPR4 was previously shown to be a proton-sensing
receptor (Ludwig et al., 2003). Notably, ﬁve histidine residues in
human GPR4 have been implicated in proton sensing, but most are
not conserved in Flop1/2 (Fig. S2A). As human GPR4 elicits the
formation of cyclic AMP (cAMP) (Ludwig et al., 2003), we com-
pared the roles of X. laevis Gpr4, Flop1, and Flop2 in cAMP for-
mation in animal caps, ectodermal explants from St. 9 Xenopus
embryos. Each mRNA was injected into the animal pole of two-
cell-stage embryos. While Gpr4 overexpression promoted cAMP
production under these conditions, the overexpression of neither
Flop1 nor Flop2 affected cAMP production (Fig. S2B). Thus, al-
though Gpr4 retains the capacity to function as a proton-sensing
receptor, Flop1/2 may have different functions.
3.2. ﬂop1/2 mRNAs are maternally stored and expressed in various
tissues
Quantitative RT-PCR (QRT-PCR) analysis revealed that ﬂop1/2
mRNAs were maternally encoded and that their expression levels
gradually declined as development proceeded, while gpr4 was
expressed zygotically after the mid-blastula transition (Fig. 1A). To
examine the spatial expression patterns of these three genes, we
performed whole-mount in situ hybridization (WISH). The ma-
ternal ﬂop1/2 mRNAs localized to the animal hemisphere (Fig.
S3A), whereas early zygotic ﬂop1/2 transcripts were detected in
the prospective neural ectoderm and organizer region of the
blastula, known as the blastula Chordin- and Noggin-expressing
(BCNE) center (Kuroda et al., 2004) (Fig. 1B and F, arrow). During
early gastrulation, ﬂop1/2 were detected in the bottle cells and
neural ectoderm, and in the endoderm in a salt-and-pepper pat-
tern (Fig. 1C–E and G–I). The ﬂop1/2 transcripts were detected in
the deep layers of the neural ectoderm, and ﬂop2 expression was
concentrated to the anterior region of the ectoderm. At the early
neurula stage, ﬂop1, but not ﬂop2, was detected in the anterior and
posterior neural plate and in the prechordal plate (Fig. S3B–F and
P). During the late neurula stage, ﬂop1/2 transcripts were detected
in the eye primordia and the future brain; ﬂop1 expression was
restricted to the hindbrain, while ﬂop2 expression extended from
the fore- to hindbrain areas (Fig. S3G, H, Q, and R). Sagittal sections
of tailbud stage embryos revealed that the ﬂop1 expression do-
main corresponded to the region encompassing rhombomere 5/6,
and was not detected in the notochord (Fig. S3I–K). From the late
tailbud stage on, ﬂop1/2 were expressed in the somites (Fig. S3L,
M, S, and T) in a non-overlapping pattern; while ﬂop1 was ex-
pressed at the center of each somite segment, ﬂop2 was expressed
at their edges. The expression of ﬂop1was also detected in the lens
(Fig. S3L, N, and O) and ﬂop2 was expressed weakly in the mouth
primordium (Fig. S3S, arrow). In contrast, gpr4 expression was not
detectable until the late tailbud stage and was subsequently de-
tected in the heart (Fig. S3U–X, arrow), consistent with previous
studies in which human and mouse GPR4 were shown to be highly
Fig. 1. Comparison of gpr4 and ﬂop1/2 expression patterns. (A) Temporal expression proﬁles generated by QRT-PCR. (B–K) Spatial expression proﬁles from the blastula to
gastrula stages generated by WISH. (B, F) Sagitally hemisectioned St. 9 embryos. Dorsal is to the right. The earliest expression of zygotic ﬂop1/2 was detected in the
prospective organizer region (arrow). (C, G) Vegetal view of St. 10.5 embryos. Dorsal is upward. (D, H and J) Sagitally hemisectioned St. 10.5 embryos. Dorsal is to the right.
The dorsal lip is indicated by the arrowhead. (E, I, K) Illustration of D, H, and J, respectively. (J, K) rhoA expression pattern. (L) QRT-PCR analysis of ﬂop1/2 expression in
response to representative morphogens and signaling molecule. The mRNAs of morphogens or signaling molecule were injected into the animal pole of two-cell-stage
embryos, and the animal caps excised from St. 9 embryos were analyzed. Error bars: s.e.m. Student's t-test, *Po0.05 and **Po0.01. ns: No signiﬁcance.
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van et al., 1995; Yang et al., 2007).
Flop1 is reported to be a target of both FGF (Chung et al., 2004)
and TGF-β signaling (gpr-4, Dickinson et al., 2006). We conﬁrmed
that the Flop1/2 were more responsive to Smad2, a cytoplasmic
signaling component of the TGF-β signaling pathway than to a
TGF-β ligand Nodal (Fig. 1L), possibly due to the much higher
signal transmission efﬁcacy of Smad2. Likewise, eFGF failed to
induce Flops expression signiﬁcantly; a previous study reported
that only 1.3–1.4 fold expression was induced by eFGF (Chung
et al., 2004). These results suggested that the initial cue inducing
zygotic Flop1/2 expression at the BCNE center may be TGF-β-re-
lated ligands. In addition, Flops expression was also reduced by
BMP4 suggesting the possibility that endogenous Flops expression
is under the regulation of BMP4.3.3. Gain or loss of Flops function results in head malformation
As shown above, during early gastrulation, Flop1/2 were ex-
pressed in the neural ectoderm, and were particularly abundant in
the presumptive head region (Fig. 1D, E, H and I). Therefore, we
examined the possibility that they were involved in patterning the
CNS, including head formation. The injection of Flop1 or Flop2
mRNA into the dorsal side of four-cell-stage embryos caused a
severe defect in blastopore closure and led to spina biﬁda em-
bryonic phenotypes, as previously described (Fig. S4A and B)
(Chung et al., 2004; Tao et al., 2005). In addition, the embryos with
relatively mild phenotypes such as shortened body axis exhibited
micro- or anencephaly (Fig S5A, arrows).
To further examine the effect of Flops overexpression on head
development, we injected Flop1 or Flop2 mRNA into two dorso-
Fig. 2. Flop1/2 are required for normal head development. (A) Flops knockdown induced microcephaly. Standard control or speciﬁc MOs targeting Flop1 or Flop2 were
injected into the dorsal side of four-cell-stage embryos. The graph shows quantiﬁed data. n: Number of examined embryos. Chi-square test, *Po0.05, **Po0.01 and
***Po0.001. ns: No signiﬁcance. (B, C) Expression of head markers was affected in Flops morphants. (B) MOs were injected into the dorsal side of four-cell-stage embryos,
and St. 20 embryos were sectioned into anterior and posterior halves. Head markers were analyzed by QRT-PCR. Error bars: s.e.m. Student's t-test, *Po0.05, **Po0.01 and
***Po0.001. ns: No signiﬁcance. (C) MOs were injected into one dorsal blastomere at the four-cell-stage. The injected embryos were ﬁxed at St. 17–18 and subjected to WISH
for head markers. After WISH, the injected region was visualized by immunostaining of the co-injected tracer GFP (150 pg) using an anti-GFP antibody. Arrows indicate the
reduction of marker gene expression.
A. Miyagi et al. / Developmental Biology 407 (2015) 131–144 135
Fig. 3. Flops and RhoA share a common function in the regulation of BCR morphology. (A) Both Flop1 and Flop2 activated RhoA. mRNAs were injected into the animal pole of
two-cell-stage embryos. St. 9 animal caps were then collected, and active GTP-bound RhoA was detected by the RhoA pull-down assay. RhoA activity was normalized to the
total RhoA. (B) Flops and RhoA induced BCR thickening. Embryos were prepared as in A and St. 9 embryos were hemisectioned and subjected to WISH to evaluate the
expression of claudin4 and has1, markers for the superﬁcial and deep layers of the ectoderm, respectively. White and black bars indicate the superﬁcial and deep layer
regions, respectively. nd: No data. (C) Cells in the thickened BCR exhibited apical constriction-like morphology and actin accumulation (arrows). Embryos were prepared as in
A and St. 9 embryos were cryosectioned. Sections were stained with phalloidin to visualize F-actin and cell shape was visualized by immunostaining of the co-injected mGFP
(150 pg) using an anti-GFP antibody. Scale bars: 50 μm.
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spina biﬁda phenotypes (Fig. S5B). The embryos treated with either
mRNA underwent normal gastrulation as expected, but displayed
microcephalic phenotypes, consistent with the possibility that
Flops play a role in head formation (Fig. S5C and D). The expres-
sion of sonic hedgehog (shh), which marks axial structures, in-
cluding the prechordal plate, notochord and ﬂoor plate (Ekker
et al., 1995), and is required for establishing bilateral symmetry
during head formation (Chiang et al., 1996), was attenuated in the
Flops mRNA-injected regions (Fig. S5E, arrow). In addition, most
embryos overexpressing either Flop exhibited a reduction of body
pigmentation (Fig. S5C, arrows). Expression of the neural crest
marker slug disappeared from the injected regions (Fig. S5F, ar-
row), suggesting that the perturbation of Flops also affected neural
crest formation.
The knockdown of Flop1 and/or Flop2 was achieved by in-
jecting speciﬁc morpholino antisense oligos (MOs) (Fig. S6A) into
the dorsal side of four-cell-stage embryos. Similar to the Flops-
overexpressing embryos, the Flops-depleted embryos exhibited
shortened axis with microcephaly (Fig. 2A). In contrast to the re-
sults of previous studies (Chung et al., 2004; Tao et al., 2005), the
effects in blastopore closure were milder and the spina biﬁda
phenotype was barely detected (Fig. S4C and D). Differences in
experimental procedures between the current and earlier studies
such as the sequence of antisense oligonucleotides could account
for the inconsistent results. Notably, the microcephalic phenotypes
of the morphants were rescued by the co-injection of Flops rescue
constructs, which contained mutations in the MO recognition se-
quences (Fig. S6A and B). Further analysis of the Flops morphants
by QRT-PCR showed that the expression of forebrain (bf1) and
midbrain (en2) markers and the expression of fore- to anterior
hindbrain (otx2) marker were considerably and modestly reduced,
respectively. In contrast, the expression of the hindbrain marker
krox20 was unchanged (Fig. 2B). This indicated that Flops are re-
quired for head development especially in the anterior region.
Reduction of bf1 and en2 expressions in MO-injected region was
also observed by WISH (Fig. 2C). In addition, the morphants ex-
hibited delayed body pigmentation, which in most cases was re-
stored by St. 40. The expression of slug was retained, although its
expression pattern was slightly altered, possibly due to the delay
in neural folding (Fig. S6C). Taken together, these data indicated
that Flop1/2 were involved in neural patterning and head devel-
opment, in addition to the regulation of gastrulation.
3.4. Flops activate RhoA and induce bottle cell-like cells
Flop2 is reported to regulate cortical actin accumulation. Here,
we conﬁrmed this initial ﬁnding and showed that Flop1 exhibited
a similar function (Fig. S7A). We also found that both Flop1 and
Flop2 were capable of activating RhoA, suggesting that the cortical
actin regulation by Flops is likely to be mediated by RhoA (Fig. 3A).
In addition, the blastocoel roof (BCR) phenotypes of Flops-over-
expressing embryos were strikingly similar to those of RhoA-
overexpressing embryos (Fig. 3B). Normally, the blastula stage BCR
is composed of 2–3 cell layers, while Flops or RhoA-overexpressing
embryos had approximately 3-times more BCR cell layers and
enhanced pigment accumulation (Fig. 3B and S7B). The abnormal
morphology of BCR by Flops overexpression was invalidated by the
co-injection with their speciﬁc MOs (Fig. S7C).
These phenotypes suggested that TGF-β-mediated bottle cell
formation (Kurth and Hausen, 2000) was due to the ectopic ex-
pression of Flops or RhoA. BCR thickening induced by ectopic
bottle cell formation is associated with the ectopic expression of
chordin (chrd), goosecoid (gsc), and brachyury (xbra) (Kurth et al.,
2005). Our QRT-PCR analysis showed that both chrd and xbra were
induced by Flop1/2 and RhoA overexpression, and that gsc wasinduced by Flop2 and RhoA overexpression (Fig. S8A). Ectopic
expression of chrd was also conﬁrmed by WISH (Fig. S8B). To
identify the layer of cells that contributed to the BCR thickening,
we examined the expression of two ectodermal markers, claudin4
(marker of the superﬁcial layer) and hyaluronan synthase1 (has1,
marker of the deep layer) (Chalmers et al., 2006). We found that
the has1-positive cell layer was multi-layered in both Flop1/2 and
RhoA-overexpressing embryos (Fig. 3B), and contained bottle cell-
like cells with an apical constriction morphology and actin accu-
mulation (Fig. 3C). As the expressions of Flop1/2 are normally
observed in bottle cells (Fig. 1D, E, H, and I), and both their over-
expression and knockdown caused gastrulation defects (Fig. S4A–
D) (Chung et al., 2004; Tao et al., 2005), Flops and RhoA may be
involved in mediating TGF-β signaling-induced bottle cell forma-
tion and gastrulation. Furthermore, embryos overexpressing mu-
tant Flops with a mutation in the DRY motif, a conserved region in
GPCRs that interacts with G proteins, failed to exhibit BCR thick-
ening or RhoA activation (Fig. S9A and B). This ﬁnding was con-
sistent with the possibility that RhoA activation functions down-
stream of Flops-mediated G protein signaling.
3.5. Flops and RhoA induce ectopic head formation in the absence of
ventral BMP signaling
BMPs play essential roles as ventral-inducing signals in the
dorsal–ventral patterning of both the ectoderm and mesoderm of
the early Xenopus embryo, and these roles are conserved across
vertebrate species. Notably, the inhibition of BMP signaling by
expressing a dominant-negative (truncated) BMP receptor (tBR)
induced the formation of ectopic dorsal structures, including
neural tissues, but excluding the head (partial secondary axis;
Fig. 4B) (Suzuki et al., 1994), suggesting that BMP suppression is
not sufﬁcient for inducing head formation. However, the si-
multaneous inhibition of BMP and Wnt signaling by expressing
both tBR and a dominant-negative Wnt8 (dnWnt8) frequently
induced the formation of a secondary axis, with head structures,
eyes, and a cement gland (complete secondary axis; Fig. 4C, ar-
rows), suggesting that the inhibition of both BMP and Wnt signals
is required for head formation (Glinka et al., 1997). Notably, ven-
trally expressed RhoA also induces ectopic head formation when
BMP signaling on the ventral side is inhibited, suggesting that
RhoA also plays a role in head induction, similar to that of Wnt
antagonists (Wünnenberg-Stapleton et al., 1999).
In addition to the similar BCR phenotypes of the Flops- and
RhoA-overexpressing embryos (Fig. 3B), the expression of en-
dogenous RhoA overlapped with that of Flops in the neural ecto-
derm (Fig. 1J and K). Therefore, we examined whether Flops also
induce head structure formation in the absence of BMP signals. We
injected Flops mRNAs along with tBR mRNA into the ventral side
of four-cell-stage embryos. As expected, the injection of either
Flops or RhoA mRNA induced the development of a complete
secondary axis (Fig. 4E–G, arrowheads and H). Notably, the eye
structures of the duplicated axis in Flops or RhoA-injected em-
bryos exhibited a fused-eye morphology, suggesting that the head-
inducing activity of Flops and RhoA is not as complete as that of
dnWnt8. In contrast, the ventral injection of Gpr4 mRNA failed to
induce head structure formation (Fig. 4D). These results suggested
that Flop1/2 may have a speciﬁc role in head formation. Since DRY
motif mutants could not induce a complete secondary axis (Fig.
S9C), Flops' head-inducing activity is thought to mediate G protein
signaling. Furthermore, we conﬁrmed that the co-injection of
Flop1/2 with dominant-negative RhoA (dnRhoA) mRNA partially
prevented the induction of a complete secondary axis (Fig. 4I),
suggesting that RhoA acts downstream of the Flops-mediated
head induction.
Fig. 4. Both Flop1 and Flop2 exhibit head-inducing activity. (A–H) Embryos were injected with tBR mRNA alone or together with dnWnt8, Gpr4, wild-type RhoA (wtRhoA),
Flop1, or Flop2 mRNA into the ventral side of four-cell-stage embryos. Compared to the head structures observed in the duplicated axis generated by dnWnt8 (C; arrows), the
head structures in the secondary axis induced by wtRhoA or Flops were not as completely duplicated, as indicated by the fused or single eye (E–G; arrowheads). H shows
quantiﬁed data. n: Number of examined embryos. Chi-square test, *Po0.05, **Po0.01 and ***Po0.001. ns: No signiﬁcance. CG, cement gland. (I) Induction of the secondary
axis by Flops was partially prevented by co-injection with dnRhoA. n: Number of examined embryos. Chi-square test, *Po0.05, **Po0.01 and ***Po0.001. ns: No sig-
niﬁcance. CG, cement gland.
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To investigate the mechanism by which Flops and RhoA inﬂu-
ence head formation, we next examined whether they serve as
Wnt antagonists by performing TOP-ﬂash assays, which measure
β-catenin-dependent transcription. We injected TOP-ﬂash re-
porters alone or together with Wnt8, Flops, or RhoA mRNA into
the animal pole of two-cell-stage embryos, and then measured the
luciferase activity of excised animal caps corresponding to St. 12.
Notably, the overexpression of either Flops or RhoA inhibited Wnt/
β-catenin signaling in a dose-dependent manner (Fig. 5A). Con-
versely, the knockdown of Flop1 and/or Flop2 or the expression of
dnRhoA upregulated the endogenous Wnt/β-catenin signaling
(Fig. 5B). We also conﬁrmed that DRY motif mutants of Flops failed
to inhibit Wnt/β-catenin signaling (Fig. S9D), suggesting that
Flops' inhibitory activity of Wnt/β-catenin signaling depends on G
protein signaling.
Ectopic activation of Wnt/β-catenin signaling in the ventral
region of the early stage embryo results in the induction of com-
plete secondary axis (early Wnt signal in dorsal–ventral pattern-
ing, see the review by Hikasa and Sokol, 2013). Therefore, we
tested whether Flops or RhoA can inhibit Wnt/β-catenin signaling
by observing the complete secondary axis formation by early Wnt
signal. The induction of a complete secondary axis by Wnt8 mRNAinjection on the ventral side of four-cell-stage embryos was efﬁ-
ciently blocked by the co-injection of Flop1, Flop2, or RhoA mRNA
in a dose-dependent manner (Fig. 5C–H). These ﬁndings suggested
that Flops and RhoA contribute to head induction by inhibiting
Wnt/β-catenin signaling, in contrast to the results of a previous
study, which showed that RhoA ectopic expression was unable to
block the Wnt8-mediated induction of a complete secondary axis
(Wünnenberg-Stapleton et al., 1999). This discrepancy may be due
to a difference in the experimental conditions used in the two
studies, such as the amount of Wnt8 and RhoA mRNA injected.
One pg of Wnt8 mRNA is sufﬁcient to induce a complete secondary
axis and higher doses of Wnt8 mRNA often make rescue by RhoA
difﬁcult. Moreover, excess RhoA affects blastopore closure even by
ventral expression, complicating the interpretation of its effects on
secondary axis formation.
3.7. Cell-autonomous inhibition of Wnt/β-catenin signaling by Flops
and RhoA
During head induction, Wnt/β-catenin signaling in the anterior
side of the neural ectoderm is inhibited by Wnt antagonists se-
creted from the endomesoderm (head organizer). We found that
cerberus (cer) was highly induced by Flop2 and RhoA, while frzb2
was slightly induced by Flop1 in St. 9 animal caps (Fig. S8A and B).
Fig. 5. Flops and RhoA inhibit Wnt/β-catenin signaling. (A, B) A TOP-ﬂash reporter assay was used to measure the effect of various mediators on Wnt/β-catenin signaling.
TOP-ﬂash reporters were injected either alone or together with Wnt8, wtRhoA, Flop1, or Flop2 mRNA into the animal pole of two-cell-stage embryos (A), or alone or together
with MOs or dnRhoA mRNA into the dorsal side of four-cell-stage embryos (B). Animal caps excised from St. 9 embryos and then cultured to St. 12 or DMZ explants excised
from St. 10 embryos and then cultured to St. 12 were analyzed. TOP-ﬂash activity (Fireﬂy luciferase) was normalized to an internal control reporter (Renilla luciferase). Data
were obtained from three batches of embryos. Error bars: s.e.m. Student's t-test, *Po0.05 and **Po0.01. ns: No signiﬁcance. (C–H) Flops and RhoA inhibited the induction of
a complete secondary axis by Wnt8. Embryos were injected with Wnt8 mRNA alone or together with wtRhoA or Flops mRNA into the ventral side of four-cell-stage embryos.
Although the partial trunk structures were retained (E and F; arrows), the proportion of duplicated axes with head structures (blue and light blue bars) was reduced in a
dose-dependent manner (H). n: Number of examined embryos. Chi-square test, *Po0.05, **Po0.01 and ***Po0.001. ns: No signiﬁcance. CG, cement gland.
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catenin signaling by mediating the expression of Wnt antagonists.
To explore this possibility, we injected TOP-ﬂash reporters alone or
together with Wnt8 mRNA into one blastomere of two-cell-stage
embryos (Fig. 6A; green), and simultaneously injected the mRNA
encoding Flops, RhoA, or a secreted Wnt antagonist (Cer or Frzb2)
into the other blastomere (Fig. 6A; blue). At St. 9, the animal caps
were excised and cultured until St. 12, and then the luciferase
activity was analyzed. Although the expression of Cer or Frzb2
signiﬁcantly inhibited Wnt under these experimental conditions,
we did not observe any suppression of Wnt signaling by the ex-
pression of Flops or RhoA (Fig. 6B), suggesting that Flops and RhoA
inhibited Wnt/β-catenin signaling cell-autonomously.
We also examined the effects of Flops and RhoA on the ex-
pression of organizer genes cer, gsc, chrd, siamois (sia) and of
mesodermal gene xbra, and found that all genes examined seemed
to be affected by Flops or RhoA expression (Fig. S8A). We foundthat overexpressing Flops or RhoA on the ventral side of four-cell-
stage embryos induced these genes in animal cap, but not in
ventral marginal zone (VMZ) explants (Fig. S8D). Consistent with
this, we could not observe the induction of any types of secondary
axis by Flops or RhoA overexpression in the ventral side (data not
shown). Furthermore, the Flops- or RhoA-upregulated expression
of these genes in the animal cap was considerably lower at St. 12
than at St. 9 (Fig. S8E). These data suggested that the Flops or RhoA
induction of the organizer genes was restricted spatially and
temporally. Since the endogenous cer and frzb2 are not expressed
in the neural ectoderm at the gastrula stage (Bouwmeester et al.,
1996; Pera and De Robertis, 2000), we believe that endogenous
Flops act cell-autonomously in Wnt signal inhibition. Then, we
also investigated whether the expression of endogenous organizer
genes is affected by Flops or RhoA depletion. Flops MOs or dnRhoA
mRNA were injected into the dorsal side of four-cell-stage em-
bryos and the expression of organizer genes in dorsal marginal
Fig. 6. Wnt/β-catenin signaling is inhibited cell-autonomously by Flops and RhoA at different steps in the signal transduction pathway. (A, B) Cell-autonomous inhibition of
Wnt/β-catenin signaling by Flops and RhoA. (A) Experimental design. At the two-cell-stage, one blastomere (green) was injected with the TOP-ﬂash reporters alone or
together with Wnt8 mRNA, and the other blastomere (blue) was injected with mRNA of wtRhoA, Flops or secreted Wnt antagonists (Cer or Frzb2), which served as positive
controls. The animal cap TOP-ﬂash assay was then performed as in Fig. 5A. (B) Quantiﬁed data. Data were obtained from three batches of embryos. Error bars: s.e.m. Student's
t-test, *Po0.05. ns: No signiﬁcance. (C, D) Wnt/β-catenin signaling was inhibited downstream of β-catenin by Flops and upstream of Dvl by RhoA. Embryo preparation and
animal cap TOP-ﬂash assays were performed as in Fig. 5A. Data were obtained from three batches of embryos. Error bars: s.e.m. Student's t-test, *Po0.05 and **Po0.01. ns:
No signiﬁcance.
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pression of cer and gsc were reduced by Flop2 MO and dnRhoA,
and that of chrd was reduced by Flops MOs (Fig. S8F). Flop1 de-
pletion did not affect the gsc expression, which is consistent with
previous study (Chung et al., 2004). Thus, this data suggested that
Flops and RhoA could be involved in the regulation of endogenous
organizer genes expression, as expected from the Flops expression
observed in the BCNE center.
To determine which step(s) of Wnt/β-catenin signaling were
regulated by Flops and RhoA, mRNAs encoding the intracellular
components Dvl and β-catenin were co-injected with Flops mRNA
followed by TOP-ﬂash analysis. When the embryos expressed
Flop1 or Flop2, the Dvl or β-catenin-mediated enhancement of
Wnt/β-catenin signaling was signiﬁcantly suppressed (Fig. 6C and
D), suggesting that Flops inhibits Wnt/β-catenin signalingdownstream of β-catenin, possibly impacting β-catenin's de-
gradation or β-catenin-mediated transcription. Surprisingly, no
suppressive activity was observed when RhoA mRNA was co-in-
jected with Dvl or β-catenin mRNA (Fig. 6C and D), suggesting that
RhoA inhibits Wnt/β-catenin signaling upstream of Dvl. In the
earlier head induction experiments, the injection of dnRhoA
mRNA only partially suppressed the Flops-induced head formation
(Fig. 4I). Taken together, these data suggest that Flops inhibits
Wnt/β-catenin signaling via both RhoA-dependent and -in-
dependent pathways.
3.8. Flops promote β-catenin degradation by both RhoA-independent
and -dependent pathways
To further clarify the mechanism by which Flops inhibit Wnt/β-
Fig. 7. Flop1/2 inhibit Wnt/β-catenin signaling by both RhoA-dependent and -independent pathways. (A) Flops and RhoA reduced the β-catenin protein levels. The animal
pole of two-cell-stage embryos were injected with 6xMyc-β-catenin mRNA alone or together with wtRhoA or Flops mRNA. St. 9 animal caps were collected and subjected to
western blotting. Normalization was performed by co-injecting a GFP tracer (150 pg). (B) Flops and RhoA failed to inhibit the Wnt/β-catenin signaling activated by con-
stitutively active β-catenin (caβ-catenin). Embryo preparation using 6xMyc-caβ-catenin and animal cap TOP-ﬂash assay were performed as in Fig. 5A. Data were obtained
from three batches of embryos. Error bars: s.e.m. Student's t-test. ns: No signiﬁcance. (C) Presumptive model of the Flops' function in neural ectodermal cells during head
induction at the early gastrula stage. Gray-colored-arrow and -ﬂathead arrows indicate putative pathways.
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catenin in the animal cap cells of Flops-overexpressing embryos.
β-catenin binds the cytoplasmic domain of cadherins to promote
the formation of cell-cell junctions, and the balance between the
cytoplasmic β-catenin and cadherin-binding β-catenin levels is
important in the activation of Wnt/β-catenin signaling (Heuberger
and Birchmeier, 2010; Nelson and Nusse, 2004). Because Flop2
upregulates the C-cadherin protein expression (Tao et al., 2007),
we speculated that Flops overexpression might trap β-catenin at
the cell membrane through the induction of C-cadherin expres-
sion. However, contrary to our expectation, β-catenin's localization
was almost unchanged in Flops-overexpressing animal cap cells
compared with control cells (Fig. S10A). In addition, we could not
conﬁrm that Flops overexpression upregulates the C-cadherin
expression at either the transcriptional or translational level (Fig.
S10B and C). Therefore, we next examined the β-catenin expres-
sion by western blotting, and found that Flops overexpression
reduced the β-catenin protein levels (Fig. 7A). In addition, we
performed the TOP-ﬂash assay using animal cap cells that co-ex-
pressed Flops with a constitutively active β-catenin (caβ-catenin)
mutant, in which the Gsk3β and Ck1 phosphorylation sites were
deleted (Fig. S10D). In these cells, the Wnt/β-catenin signaling was
resistant to inhibition by Flops (Fig. 7B). These data strongly sug-
gested that Flops inhibited Wnt/β-catenin signaling by promoting
β-catenin's phosphorylation and degradation.
Interestingly, although the injection of RhoA mRNA also pro-
moted β-catenin degradation (Fig. 7A), the mechanism was dif-
ferent from that of RhoA-independent pathway of Flops. As the
inhibitory effect of RhoA onWnt/β-catenin signaling was shown to
function upstream of Dvl (Fig. 6C and D), we speculate the in-
volvement of the extracellular matrix (ECM) (see the discussion of
this point below).4. Discussion
Flop1 and Flop2 were independently reported to be human
GPR4-related molecules. Using microarray screening, our group
identiﬁed ﬂop1 (originally xgpcr4) as an FGF target gene and
showed that it was involved in the regulation of gastrulation
movement (Chung et al., 2004). Subsequently, ﬂop2 (originally
xﬂop) was identiﬁed and shown by gain-of-function screening to
regulate cortical actin assembly; it was also demonstrated to
regulate gastrulation movement (Tao et al., 2005). Since Flop1/2
are structurally related, it was postulated that they serve similar
biological functions.
4.1. Both gain and loss of Flops function result in microcephalic
phenotype
Here, we found that both Flop1 and Flop2 exhibited head-in-
ducing activity, which was mediated by the inhibition of Wnt/β-
catenin signaling, and that the knockdown of Flop1 and/or Flop2
led to a small head phenotype, similar to the knockdown of se-
creted Wnt antagonists (Glinka et al., 1998; Kazanskaya et al.,
2000; Kuroda et al., 2004; Shibata et al., 2005). Interestingly, the
overexpression of some secreted Wnt antagonists such as Dkk1
and Frzb1 promotes an enlarged head phenotype (Bradley et al.,
2000; Glinka et al., 1998; Pera and De Robertis, 2000). In contrast,
Flops overexpression resulted in the reduced formation of head
structures, similar to the phenotype induced by ectopically ex-
pressed Frzb2, another Wnt antagonist (Bradley et al., 2000; Pera
and De Robertis, 2000). The expression of the anterior region of
the dorsal midline (axial mesoderm) marker shh is suppressed in
Frzb2-overexpressing embryos, indicating that the small head
phenotype associated with Frzb2 overexpression results fromfailure in the proper positioning and formation of the prechordal
plate (Bradley et al., 2000; Pera and De Robertis, 2000). We found
that the expression of shh in the anterior region of Flops mRNA-
injected embryos was compromised, and that endogenous ﬂop1
and ﬂop2 were expressed in the prechordal plate and mouth pri-
mordium (a prechordal plate derivative), respectively, similar to
frzb2's expression pattern (Dickinson and Sive, 2009; Pera and De
Robertis, 2000). Since head marker otx2 expression was ectopically
induced in the ectoderm by Flops overexpression (Fig. S8C), Flops
have the potential to enlarge the head structures. Similar to Frzb2,
Flops are thought to be important for the proper development of
the prechordal plate and the failure of this process results in the
insufﬁcient head development. The transcription factor Xbra is
reported to inhibit the migration of prechordal cells, and the
misexpression of Xbra in the prechordal mesoderm results in
embryos with head truncations (Kwan and Kirschner, 2003). Thus,
it is possible that the Flops-induced Xbra expression contributed
to the small head phenotype, by disrupting prechordal cell mi-
gration. Besides, Flops also affect the neural crest formation as
observed in the expression of slug. The neural crest is important
for patterning of head structures and the neural crest formation
depends on Wnt/β-catenin signaling (Wu et al., 2003). Therefore,
Flops' inhibitory activity to Wnt/β-catenin signaling could have
affected the neural crest development and impaired the head
structures.
4.2. Flops have RhoA-independent and -dependent pathways for the
inhibition of Wnt/β-catenin signaling
We also demonstrated that both Flops and RhoA inhibited Wnt/
β-catenin signaling in a cell-autonomous manner, and that Flops
used both RhoA-independent and -dependent mechanisms. Flops
mediated RhoA-independent signaling by regulating β-catenin
phosphorylation and degradation. Lysophosphatidic acid (LPA)
receptors, which are phylogenetically related to proton-sensing
receptors (Fig. S1A), activate Gsk3β by mediating a Gαi-PLC-Pyk2
pathway (Sayas et al., 2006). Therefore, we speculate that, like LPA
receptors, Flops may activate Gsk3β, thereby promoting β-catenin
degradation. In addition, several GPCRs, identiﬁed as upstream
signaling molecules, have been shown to both positively and ne-
gatively regulate the Yap/Taz pathway (Yu et al., 2012), which
regulates Wnt/β-catenin signaling through physical interactions
with Dvl and β-catenin (Imajo et al., 2012; Varelas et al., 2010).
Thus, the Yap/Taz pathway may be involved in mediating the
Flops-induced degradation of β-catenin.
The ﬁnding that Flops also mediated a RhoA-dependent path-
way suggests that Flops activate RhoA, most likely through Gα12/13,
which is known to function in GPCR-induced RhoA activation
(Dhanasekaran and Dermott, 1996; Suzuki et al., 2009). Our ﬁnd-
ing that Flop1/2 DRY motif mutants failed to induce BCR thick-
ening, a common phenotype associated with RhoA upregulation
and activation, suggested that RhoA functions downstream of
Flops-mediated G protein signaling. Because RhoA inhibited Wnt
signal upstream of Dvl, we speculate the involvement of ECM,
which impacts signal transduction by sequestering secreted mor-
phogens (Dityatev et al., 2010; Kim et al., 2011). RhoA was pre-
viously shown to regulate the conﬁguration of ﬁbronectin (FN), to
promote ﬁbrillogenesis (Mao and Schwarzbauer, 2005; Zhong
et al., 1998), which in turn controls morphogen diffusion (Kenny
et al., 2012). In fact, recent study demonstrated that FN has the
potential to inhibit Wnt/β-catenin signaling (Astudillo et al., 2014).
Although the mechanism by which Flops inhibits Wnt/β-catenin
through RhoA remains to be solved, further investigations of the
interplay between RhoA, ECM and Wnt/β-catenin signaling would
provide a cue to elucidate this mechanism.
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We consider that Flop1/2 function in several steps during early
embryogenesis. First, at the blastula stage, they are expressed at
the BCNE center and regulate the induction of organizer genes
such as gsc and chrd, which are essential for dorsal speciﬁcation
and neural induction, respectively. Second, Flops induce the for-
mation of bottle cells at the invaginating region of early gastrula
and contribute to gastrulation. Third, Flops are expressed in the
neural ectoderm of early gastrula and regulate the head induction
event by inhibiting Wnt/β-catenin signaling. Loss of Flops' func-
tions particularly in the ﬁrst and third steps contributes to the
microcephaly of Flops morphants. We believe that microcephaly of
the morphants could be mainly attributable to the failure of third
step, because Flops morphants retained the deﬁnite trunk struc-
tures whereas the body length is shortened due to the mild defect
of gastrulation.
Related with the ﬁrst step, Flops is unlikely to inhibit the ma-
ternal Wnt signaling because the expression level of sia, which is a
target gene of maternal Wnt/β-catenin signaling, was almost un-
changed by Flops depletion (Fig. S8F). On the other hand, Flops
overexpression can induce organizer genes such as cer in animal
caps as observed by QRT-PCR analysis. It has been known that cer
can be induced in the ectodermal cells by TGF-β signaling but not
by Wnt/β-catenin signaling (Zorn et al., 1999; Engleka and Kessler,
2001). In addition, chrd, gsc and xbra are the common genes in-
duced by both TGF-β and Flops, suggesting that Flops might be
involved in the speciﬁcation of BCNE center through TGF-β sig-
naling (Crease et al., 1998).
4.4. Functional similarities to other GPCRs
Flop1 and Flop2 are structurally and functionally related, and
their overall expression patterns are relatively similar. Several
GPCRs form functionally important dimers. In particular, human
GPR4 and GPR68, which are proton-sensing receptors, and LPA
receptors are reported to form both homo- and heterodimers
(Zaslavsky et al., 2006). It is also possible that Flop1 and Flop2
form functional dimers, because their single knockdown pheno-
types were indistinguishable from that of their double
knockdown.
Our study demonstrated more functional similarities between
Flop1/2 and LPA receptors, which regulate RhoA-mediated cytos-
keletal rearrangement (Lloyd et al., 2005) and anterior head de-
velopment (Geach et al., 2014) than between Flop1/2 and proton-
sensing receptors. Originally, proton-sensing receptors were re-
ported to be receptors for lipid mediators, while more recent
studies have redeﬁned them as multi-functional receptors capable
of mediating signals from protons and/or lysolipids (Im, 2005;
Tomura et al., 2005). Although the ligands for Flop1/2 remain to be
identiﬁed, we speculate that they could be analogs of lipid med-
iators. Lipid mediators have multiple biological functions and play
important roles in several phases of embryonic development by
modulating cell proliferation and differentiation. Thus it is possible
that Flop1/2 evolved in Xenopus (amphibians) as a mechanism for
mediating the transduction of such signals in developing embryos
and allowing them to adapt to the unstable aquatic circumstances.
In conclusion, here we demonstrated a novel function for
Flop1/2 in Xenopus head development. Through overexpression
and knockdown approaches, we found that Flops regulated head
induction by inhibiting Wnt/β-catenin signaling during anterior–
posterior axis patterning via RhoA-independent and -dependent
pathways (Fig. 7C). In addition, our analysis of the endogenous
expression of Flops indicated that they may have additional, un-
known functions in early Xenopus development and organogen-
esis. Further studies are needed to fully understand the evolutionand divergent function of Flops and related molecules in the ani-
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